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ABSTRACT: Peptides and peptidomimetics are attractive drug candidates because of their high target specificity and low toxicity
profiles. Developing peptidomimetics using hydrocarbon (HC)-stapling or other stapling strategies has gained momentum because
of their high stability and resistance to proteases, however, they have limitations. Here, we take advantage of the a—methyl group
and an aromatic phenyl ring in a unique unnatural amino acid, a—methyl-L-phenylalanine (aF), and propose a novel, non-covalent
stapling strategy to stabilize peptides. We utilized this strategy to create an a-helical B-chain mimetic of a complex insulin-like pep-
tide, human relaxin-3 (H3 relaxin). Our comprehensive dataset (in vitro, ex vivo and in vivo) confirmed that the new high-yielding B-
chain mimetic, H3B10-27(13/17aF), is remarkably stable in serum and fully mimics the biological function of H3 relaxin. H3B10-
27(13/17aF) is an excellent scaffold for further development as a drug lead and an important tool to decipher the physiological
functions of the neuropeptide G protein-coupled receptor, RXFP3.

INTRODUCTION

The a-helix is the most abundant peptide structure at protein
interaction interfaces involved in controlling cellular func-
tionsl. When these a—helical peptides are excised from pro-
teins, they typically lose their structure and as a result, are un-
able to target protein interfaces. Various techniques have ena-
bled chemists to reconstruct peptides into their natural o—hel-
ical conformation by chemical stapling?-4 including lactam, tri-
azole, thioether, and thioacetal bridges3. 5. Recently, all-hydro-
carbon (HC)-stapling has been widely used®é* and the first HC-
stapled peptides are now in clinical trials!?. HC-stapled pep-
tides are generated following ruthenium-catalyzed (Grubb’s
catalyst) ring-closing metathesis (RCM) reactionsé 11-13, We re-
cently employed this method to create minimized mimetics of
insulin-like relaxin family peptides that in their native forms
have two chains (A and B) and three disulfide bridges1417
(Scheme 1A). Remarkably, an HC-stapled single-B-chain pep-
tide (Peptide 5, Scheme 1B17) was able to mimic the function of
the neuropeptide H3 relaxin (Scheme 1A). However, there are
limitations to the HC-stapling method; the yield of the RCM
product can be low if the side-chain orientation of the alkene
pair is not in close proximity, and the separation of Grubb's cat-
alyst from the product by high-performance liquid chromatog-
raphy (HPLC) is difficult!4-16. It is also challenging to control
E/Z isomerism and distinguish between the isomers by solu-
tion NMR spectroscopy!416. Other covalent stapling methods
can also be low yielding as they require two-step synthesis and
purification. Additionally, the rigid nature of covalent stapling
may also disrupt the network of stabilizing intramolecular in-
teractions present in the bound state of native peptides and
thus may disrupt high-affinity peptidomimetic binding with the

target!8. Therefore, a novel, high-yielding non-covalent sta-
pling strategy with one-step synthesis and purification is re-
quired to accelerate peptide-based drug development.

The o,a-disubstituted amino acids (e.g, a-aminoisobutyric
acid; Aib) are known to stabilize helical peptidess 19. We re-
cently used them to create high-yielding B-chain analogues of
H3 relaxin?0. However, this approach only partially induced
o—helicity and we were unable to mimic the activity of HC-sta-
pled Peptide 520. We hypothesized that the incorporation of a
unique o,a—disubstituted amino acid, a—methyl-L-phenylala-
nine (aF), would fully mimic the a—helical structure of Peptide
5. In addition to the a—methyl group in oF that places steric
constraints on the peptide backbone that favors helical dihe-
dral angles, there should be additional hydrophobic n—r inter-
actions between the two aromatic phenyl rings oriented to-
wards each other on the same side of the peptide, leading to a
non-covalently stapled helical peptide.

Stabilizing helical structures using (i) hydrophobic interac-
tions> 21-22 or (ii) a,a—disubstituted amino acids> 19 23-24 has
been reported for de novo designed or specific peptide se-
quences. However, the combination of both these (i and ii)
strategies to stabilize the o—helix, to our knowledge, has not
been examined or reported. We therefore, synthesized peptide
variants based on Peptide 5 (Scheme 1C-E). H3B10-
27(13/170F) contains two oF residues at positions 13 and 17
(Scheme 1C) and can be regarded as a “non-covalently stapled”
or “n—n stapled” version of Peptide 5. Control peptides were
H3B10-27(13/17F) which contains L-phenylalanine at posi-
tions 13 and 17 (Scheme 1D) and native H3B10-27 (Scheme
1E).



Primary structures of human relaxin 3 (H3 relaxin) and its
B-chain analogues
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Scheme 1. Amino acid sequences of H3 relaxin (A), HC-stapled
Peptide 5 (B), H3B10-27(13/17aF) (C), H3B10-27(13/17F)
(D), and H3B10-27 (E).

RESULTS AND DISCUSSION

We used standard Fmoc-SPPS25 to synthesize the peptides and
purified them by reversed-phase HPLC (RP-HPLC (see S2 sec-
tion in SI). They were tested in cell-based assays where H3B10-
27(13/17aF) exhibited very strong RXFP3 (Figure S1) binding
affinity (Figure 1A,C). In contrast, control peptides, H3B10-
27(13/17F) and H3B10-27, exhibited very poor binding affin-
ity (Figure 1A,C). Since RXFP3 is coupled to Gi/o proteins, these
analogues were tested for their ability to inhibit forskolin-stim-
ulated cAMP activity in CHO-K1-RXFP3 cells (Figure 1B,C). Con-
sistent with the binding data, H3B10-27(13/17aF) activated
RXFP3 with similar potency to Peptide 5 while the control pep-
tides had very low activity (Figure 1B,C). Since H3 relaxin also
binds to and activates the INSL5 receptor, RXFP4, we tested
RXFP4 binding and activity (see S3 section in SI). We also as-
sessed if H3B10-27(13/17aF) retained the ability to recruit -
arrestin226-27 and therefore display full agonist activity at
RXFP3 and RXFP4, in comparison to Peptide 5 (see S3 section
in SI). Together, the binding and activity data suggest our novel
analogue H3B10-27(13/17aF) can mimic the biological actions
of HC-stapled Peptide 5 in both RXFP3- and RXFP4-expressing
cells. However, the lower affinity and potency of both peptides
on RXFP4 correlates with a lower potency in B-arrestin2 re-
cruitment (see S3 section in SI).

As analogues that contained o,o-disubstituted amino acids
alone (e,g., Aib without phenyl rings as side-chains) were una-
ble to mimic the biological properties of RXFP3 agonists, we hy-
pothesized that both a—methyl groups and phenyl rings of the
oF residues are essential to induce a—helical conformation and
thus critical to retain their biological function. Thus, we under-
took solution NMR studies (see S4 section in SI) on both the
target peptide H3B10-27(13/17aF) and control peptide
H3B10-27(13/17F) to confirm the presence of an a-helical
conformation similar to native H3 relaxin. Both peptides pro-
duced good-quality NMR data with narrow line widths, which
led to a near-complete resonance assignment using standard
two-dimensional sequential assignment strategies. Figure 2A
and B illustrate regions of the 2D NOESY spectra for H3B10-
27(13/170aF) and H3B10-27(13/17F), respectively.

(A) Eu-H3B1-22R competition binding in RXFP3 cells
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(B) Inhibition of forskolin-induced cAMP activity in
RXFP3 cells
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(C) Pooled binding affinity (pKi) and activity (pEC50)
data on the RXFP3 receptor
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Figure 1. Binding and agonist activity of peptides in CHO-K1-
RXFP3 cells. (A) Competition binding curves of peptides in
competition with 5 nM Eu-H3B1-22R; (B) Dose-response
curves demonstrating inhibition of forskolin-induced cAMP ac-
tivity. Data are mean = SEM of 3-4 independent experiments.
(C) Pooled binding affinity (pKi) and cAMP potency (pEC50)
data.
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Figure 2. 2D 1H 1H NOESY spectra of (A) H3B10-27(13/17aF)
and (B) the H3B10-27(13/17F), respectively. Boxed in (A) are
assigned short-range NOEs that are observed in H3B10-
27(13/17aF) but absent in the control. (C) Summary of se-
quential and short-range NOEs assigned for H3B10-
27(13/17aF). (D) The 20 low-energy structures highlighting
the orientation and proximity of the phenyl rings of aF 13 and
17 in H3B10-27(13/17aF). (E) Superposition of the NMR
structure of H3 relaxin (B-chain in blue, A-chain in grey), and
H3B10-27(13/17aF) (green), overlaying key residues (such as
R12, 115, R16, 119 and F20) of H3 relaxin B-chain are in ma-
genta and that of H3B10-27(13/17aF) are in cyan. (F) Super-
position of the NMR structure of H3 relaxin (B-chain in blue,
H3B10-27(13/17 oF) (green) and Peptide 5 (olive) overlaying
key residues (R12, 115, R16, 119 and F20) of H3 relaxin B-chain
are in magenta, H3B10-27(13/17aF) in cyan and Peptide 5 in
light blue; 0F13 and aF17 residues in H3B10-27(13/17aF) are
highlighted in brown and HC stapling in Peptide 5 is high-
lighted in red.

For H3B10-27(13/170aF) strong HNi-HNi+1 sequential signals
were observed throughout the residues ranging from Argl2 -
Gly23. Importantly, several short-range NOEs, Hai-HNi+2, Haii-
HNi+4, and Hoi-HBi+s (Figure 2A and C) were also identified
within the same region, supporting the presence of a helical
structure, while for the control peptide the lack of short-range
NOEs suggesting this peptide comprises an unstable and tran-
sient, if any, helical structure (Figure 2B). Using structural re-
straints from the NMR data we calculated the structure of

H3B10-27(13/17aF). Figure 2D illustrates a family of 20 low-
energy structures representing the solution conformation of
H3B10-27(13/17aF) with well-defined helical structure from
the aF13 to F20. This structure displays the two aromatic phe-
nyl rings of aF13 and oF17 oriented towards each other on the
same side of the peptide within an average of 5.5 A distance,
which would favor the formation of hydrophobic n—r interac-
tions that can stabilize a helical structure. Literature reports
suggest that, in he specific ring arrangements and angles, the
n—n stacking interactions are possible when the distance is
within 7 A28, However, as such interactions are also possible in
the control peptide with two phenyl moieties, they are clearly
insufficient to stabilize the helix. These data support the notion
that a—methyl substitutions are essential to restrict peptide
flexibility and put a steric constraint on the peptide backbone
that favors helix formation. As shown in Figure 2E, the helical
structure within the target peptide overlays onto the B-chain
helix of H3 relaxin2? with an RMSD of ~1 A, highlighting the key
RXFP3 binding residues Argl2, lle15, Argl6 and Phe20, ex-
posed on the surface of the helix. Our target peptide is also
structurally very similar to the HC-stapled Peptide 517 (Figure
2F). Together, this validates the formation of helical structure
in H3B10-27(13/17aF) due to the a—methyl substitution of
Phe residues at positions 13 and 17 and supports the high ac-
tivity of H3B10-27(13/170F) against RXFP3 (Figure S1).

The in vitro serum stability was examined for 8 h at 37°C (Fig-
ure 3) and H3B10-27(13/17aF) was demonstrated to be ~15-
fold more stable in human serum (half-life ~300 min) than the
control peptide (half-life ~20 min). The improved stability in
serum is likely due to the helical structure of the peptide but as
the two unnatural amino acids (aF) cannot be recognized by
proteases this may also contribute (see S5 section in SI).

Serum stability study in vitro
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Figure 3. Our n—r stapled peptide exhibits improved stability
in human serum compared with non-stapled linear peptide.
There were significant differences between the peptides at all
time points (P-value = 0.0088, t-test). One-phase exponential
decay and paired t-test analyses were performed with
GraphPad Prism 9. Data are from 3 independent experiments.

Relaxin-3 is a neuropeptide3? and its endogenous receptor,
RXFP3, is abundantly expressed in numerous regions of rodent
brain consistent with innervation from relaxin-3 nerve fibres
originating from the nucleus incertus, the primary site of re-
laxin-3 expression3l. The physiological roles of the relaxin-
3/RXFP3 system are emerging but suggest that RXFP3 agonists
have potential for the treatment of neuropsychiatric disorders,
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such as anxiety and depression32-33, To verify that H3B10-
27(13/17aF) retains biological activity in animals, we exam-
ined its activity in two rat models.

We recently demonstrated that injections of an RXFP3 agonist
(A2 analogue, modified form of H3 relaxin with two chains34)
into the caudal dorsal medulla oblongata modulated respira-
tory rate and the arterial chemoreceptor reflex in an in situ per-
fused rat brainstem preparation3s. Because H3B10-
27(13/17aF) displayed high serum stability (Figure 3), we ex-
amined whether systemic application in the perfusate (blood
substitute) could replicate these results (see S6 section in SI).
Similar to centrally injected A2,35 systemic application of
H3B10-27(13/17aF) significantly increased phrenic nerve ac-
tivity (PNA) 17.8 + 1.6 to 23.0 = 2.9 PNA-bursts/min (Figure 4;
+27.7 £5.4%, p =0.014, n = 6). In addition, systemic application
of H3B10-27(13/17aF) also significantly enhanced the arterial
chemoreceptor reflex-mediated tachypnea from 4.0 + 0.4 tach-
ypneic PNA bursts to 7.8 + 0.5 PN bursts (Figure 4; p< 0.001, n
=6). This ex vivo data, together with in vitro data (Figure 1) con-
firmed that H3B10-27(13/170F) mimics the pharmacological
action of the RXFP3 agonists, Peptide 5 and A2.

Effect of H3B10-27(13/17aF) on respiration and
arterial chemoreceptor reflex, ex vivo

A Control NaCN

v
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Figure 4. Effect of H3B10-27(13/170aF) on respiratory rate
and the arterial chemoreceptor reflex in an in situ perfused rat
brainstem preparation. (A) Control recording of phrenic nerve
activity (PNA) before and after evoking the arterial chemore-
ceptor reflex with a bolus injection of sodium cyanide (NaCN,
0.2 ml, 0.01%) in the perfusion circuit (black arrow, asterisks).
(B) Effect of systemic application of 2 uM H3B10-27(13/17aF)
on PNA burst rate (blue) and NaCN tachypnea (red). (C,D)
Group data, n = 6; *p<0.01.

Central (icv) administration of RXFP3 agonists in rats is known
to increase food intakel”. 34, Therefore, we evaluated H3B10-
27(13/17aF) in adult male rats and compared its effect on food
intake with A234 (Figure 5) (see S7 section in SI). An icv infusion
of vehicle (aCSF) did not produce feeding or any marked inges-
tion of chow (Figure 5). Infusion of 0.1 nmol of H3B10-

27(13/170F) (n = 10), produced a trend towards increased
food intake, relative to aCSF (n = 8), however, infusion of higher
amounts of H3B10-27(13/17aF) produced significant, dose-
dependent increases in food intake relative to aCSF [i.e., differ-
ences between aCSF and 0.5 nmol H3B10-27(13/17aF) (n =
10; p = 0.019, Mann-Whitney U test), aCSF and 1 nmol H3B10-
27(13/170F) (n = 14; p = 0.019, Mann-Whitney U test); aCSF
and 4 nmol H3B10-27(13/170F); p = 0.014, Mann-Whitney U
test)]; or aCSF and A2 (n = 15) (p = 0.003, Mann-Whitney U
test). In a further comparison, a significant difference was ob-
served between the 0.1 nmol and 1 nmol H3B10-27(13/17aF)
(p=0.042;t=2.162,df = 22; D'Agostino and Pearson normality
test and unpaired t-test) (Figure 5). The maximum effect ob-
served was comparable to that of an infusion of A2 (1 nmol A2
in 5 pl).
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Figure 5. Effect of icv infusion of increasing concentrations of
H3B10-27(13/17aF) on chow consumption in adult, male rats,
within a 120 min period post-treatment. An icv infusion of A2
peptide3# is illustrated for comparative purposes. Values are
mean = SEM. ns, non-significant; #p<0.05, and ##p<0.01, Mann-
Whitney test, *p<0.05, t-test.

Chemical synthesis of H3B10-27(13/17aF) (18 residues) was
very high yielding (~60%) compared with both H3 relaxin (51
residues, yield less than 2% starting from the A-chain, 5.7%
starting from the B-chain3¢) and HC-stapled Peptide 5 (18 resi-
dues, yield, ~10%). (see S8 section in SI).

In conclusion, we report a novel, non-covalent stapling strategy
that utilizes the helix-inducing properties of both the a—methyl
and phenyl moieties in aF. We successfully applied this by em-
ploying a pair of unique unnatural amino acids oF, to engineer
an o-helical B-chain mimetic of H3 relaxin, H3B10-
27(13/17aF), which demonstrated improved serum stability
and full agonist activity at RXFP3 in both cell-based and animal
(ex vivo and in vivo) studies. It is a much simpler scaffold, com-
pared with H3 relaxin and Peptide 5, to improve its drug prop-
erties (e.g, in vivo half-life, CNS delivery). It is also an important
tool to elucidate the physiological roles of H3 relaxin/RXFP3
neurocircuits. Our non-covalent stapling method, unlike cova-
lent stapling methods, is not likely to disrupt the network of
stabilizing intramolecular interactions present in the bound
state of peptides, and therefore, it may have general utility in
stabilizing a wide range of biologically important peptide tar-
gets.
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